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Abstract The fossil record reveals large changes in marine plankton ecosystems linked with both
environmental and ecological change across the Cenozoic. An understanding of the drivers of these
changes is key to understanding the marine carbon cycle. The response of plankton ecosystems in past
warm climates also provides a key analogue for current climate change. While models are employed to
quantify interactions between the environment and the biota, current Earth systemmodels strongly encode
our understanding of modern marine ecosystems. By contrast, trait-based models aim to describe the
marine plankton ecosystem in terms of fundamental ecological and physiological rules that are less likely
to change through time. This provides a unique opportunity to assess the interactions between marine
ecosystem and paleoclimate. For the ﬁrst time, we apply a size-structured trait-based plankton ecosystem
model embedded in the Earth system model of intermediate complexity, cGENIE, to model plankton
communities for the warm climate of the early Eocene. Compared to modern, we ﬁnd the warm climate
is associated with an increase in the mean cell size of plankton communities and export production,
particularly in the southern high latitudes, along with lower total phytoplankton biomass. Paleogeography
has an important role in regulating the eﬀect of ecosystem structure via changes in ocean circulation
and nutrient cycling. Warmer temperatures also drive changes due to enhanced zooplankton grazing. An
integration of the fossil record with plankton ecosystem models will provide a powerful tool to assess the
impacts of warm climates on marine systems.
1. Introduction
Marine plankton communities are an integral component of the marine carbon cycle. By producing and
exporting organic carbon and calcium carbonate (CaCO3) from the surface ocean as sinking particles, they
play a role in regulating and moderating climate over a range of timescales; by sequestering carbon in
the deep ocean and deep-sea sediments (e.g., Hain & Sigman, 2014). Nutrient supply, light levels, and reg-
ulation by zooplankton grazing have long been recognized as key ﬁrst-order controls on marine organic
carbon production. However, the biodiversity and community structure of marine plankton ecosystems are
being increasingly recognized as also playing a dynamic role in the export and recycling of organic carbon
and CaCO3 (e.g., Guidi et al., 2016; Pörtner et al., 2014). The fossil record reveals large changes in marine
plankton ecosystems linked with both environmental and ecological changes across the Cenozoic includ-
ing: the end-Cretaceous extinction event (Henehan et al., 2016) and the associated recovery (Hull, 2015), the
Paleocene-Eocene Thermal Maximum (McInerney & Wing, 2011), and long-term changes in response to cli-
mate across theCenozoic (Finkel et al., 2007; Schmidt et al., 2004). Understanding thedrivers of these changes,
as well as the implications for changes in biogeochemistry and climate, is key to understanding the carbon
cycle in the past as well as providing an analogue for current climate change (Schmidt, 2018).
The warm climate of the early Cenozoic provides an ideal starting point to explore the interactions between
plankton ecology and climate. Awide range of proxies including oxygen isotopes, Mg/Ca ratios, and biomark-
ers suggest surface temperatures were warmer, particularly at higher latitudes (Zachos et al., 2008). Our
understanding of plankton ecosystems during this time is based on those plankton groups with hard parts
preserved in the fossil record, for example, coccolithophores (calcareous nannoplankton), foraminifera, radi-
olarians, diatoms, and dinoﬂagellates (primarily as dinocysts). In comparison to plankton in the modern,
calcareous nannoplankton in the early Cenozoic were characterized by similar to higher species diversity
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(Bown et al., 2004) and overall larger cell sizes (Hannisdal et al., 2012; Henderiks & Pagani, 2008; Herrmann
& Thierstein, 2012). Similar trends are also observed for dinoﬂagellates (Finkel et al., 2007). In comparison,
low-latitude planktonic foraminifera were characterized by smaller sizes in comparison to modern species
with diversities slightly higher than today (Norris, 1991). High-latitude species have remained similar sizes on
average throughout the Cenozoic (Schmidt et al., 2004).
The size trends in early Cenozoic plankton fossil groups have largely been attributed to environmental factors
and long-term variation in climate. A reduced surface to deep ocean gradient of 𝛿18O during the early Eocene
compared to modern, indicating reduced vertical stratiﬁcation, may have been associated with increased
nutrient availability in the surface ocean (Finkel et al., 2007; Schmidt et al., 2004). Higher levels of atmo-
spheric CO2 would have supported groups without a carbon concentrating mechanism. Additionally, there
is evidence that the biogeochemical cycling of nutrients may have been diﬀerent such as indicated by larger
vertical gradients in 𝛿13C, suggesting a more eﬃcient biological pump driven by increased nutrient avail-
ability (Hilting et al., 2008). Larger but shallower vertical ocean gradients in 𝛿13C have also been interpreted
as evidence for shallower and more intense remineralization of sinking organic matter due to an increase in
metabolic rates of bacteria with warmer temperatures (John et al., 2013, 2014). This would have led to more
rapid nutrient cycling in the upper ocean. Lastly, higher temperatures via increased metabolic rates could
have additionally inﬂuenced ecological interactions such as increased growth rates and zooplankton grazing
rates (e.g., Boscolo-Galazzo et al., 2018; Winder & Sommer, 2012).
Numericalmodels are auseful quantitative tool for testing andunderstanding the linksbetweenplanktonbio-
diversity, biogeochemistry, and climate. A key requirement for applying these models to past warm climates
is that the underlying assumptions encoded in the model are valid for past plankton communities. Earth sys-
tem models of Intermediate Complexity (EMICs) are commonly applied to past climates such as the Eocene
with twomain approaches tomodeling plankton and their eﬀect on biogeochemistry (e.g., Hülse et al., 2017).
One approach converts available nutrients/light directly into organic matter and does not resolve plankton
biomass (e.g., Ridgwell & Schmidt, 2010). While these models can capture the basic dynamics of nutrient,
temperature and light limitations on production, this is parameterized as a function ofmodern light and tem-
perature ﬁelds tomatchmodern observations. As such thesemodels cannot explicitly represent the dynamics
associatedwith resource competition and trophic interactions. EMICs also useNutrient Plankton Zooplankton
Detritusmodels and plankton functional typemodels that resolve plankton biomass for a number of diﬀerent
types (e.g., phytoplankton, zooplankton, calciﬁers, and silicifers) and their associated dynamics (e.g., Heinze &
Ilyina, 2015). However, the representation of plankton in thesemodels are often based on laboratory cultured
species experiments (Le Quéré et al., 2005). They typically include the representation of diatoms, which while
being important in themodern ocean, rapidly expanded as a group to achieve similar functionality and abun-
dance after the Eocene-Oligocene boundary (Hendry et al., 2018). As such, these models may not be directly
applicable to past climates.
“Trait-based” models provide an alternative approach to modeling plankton communities that is not based
on prescribing characteristics to individual groups (e.g., Follows et al., 2007; Litchman et al., 2007). Instead, a
large number of plankton types are used, each with a set of traits such as maximum growth rate or nutrient
aﬃnity, sampled froma range of predeﬁned trade-oﬀs. Plankton communities then emerge from competition
for resources and grazing pressure driven by the assigned traits and trade-oﬀs. Here we focus on plankton
cell-size,which canbe related tomultiple traits and trade-oﬀsbywell-knownallometric relationships (Finkel et
al., 2010; Ward et al., 2012). The use of plankton cell size has the particular advantage that size is ameasurable
quantity of major plankton groups in the fossil record (Finkel et al., 2007; Schmidt et al., 2006; Young, 1990)
thereby facilitating potential model-data comparison for past climates. Additionally, size can be related to
biogeochemical-relevant processes such as particle sinking rates, which are a factor in both themagnitude of
export production (Henson et al., 2011) and nutrient recycling by setting the depth at which sinking particles
of organic matter are remineralized (Cram et al., 2018).
In this paper, we take a ﬁrst step to linking marine plankton ecosystems and climate by applying a new
size-structured trait-basedplanktonmodel to simulationsof thewarmbackgroundclimateof theearly Eocene
in the Earth system model cGENIE. We explore key features of the modeled plankton communities that can
be related to quantities measurable in the fossil record such as plankton size and abundance, as well as quan-
tities that can be related to export production. We test the sensitivity of these results to paleogeography,
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the impact of warming on ocean circulation as well as directly on plankton ecology. Finally, we identify key
challenges and directions for future research on this theme.
2. Methods
2.1. The cGENIE Earth SystemModel
We employ the carbon-centric version of the GENIE Earth systemmodel of intermediate complexity: cGENIE.
This model has been used successfully to explore the interactions between marine biogeochemistry and cli-
mate for a range of timescales and time periods including the Eocene and the PETM (e.g., Gibbs et al., 2015;
Gutjahr et al., 2017; John et al., 2014; Norris et al., 2013; Ridgwell & Schmidt, 2010).
Thephysicalmodel of cGENIE consists of a three-dimensional non-eddy resolving frictional geostrophic ocean
circulation model, coupled to a two-dimensional energy-moisture balance model of the atmosphere and a
dynamic-thermodynamic sea-ice model (Edwards & Marsh, 2005). The biogeochemistry model represents
the transformations and redistribution of essential biogeochemical compounds and isotopes via biological
processes (Ridgwell et al., 2007). The biogeochemical model used in previous studies directly converts nutri-
ents into organic matter via an uptake rate that saturates with increasing nutrient concentrations based on
Michaelis-Menten kinetics (e.g., Franks, 2002). Organic matter is then partitioned into dissolved organic car-
bon (DOC), which degrades with a ﬁxed lifetime representing semilabile DOC, and particulate organic carbon
(POC). The remineralization of sinking POC with depth is predicted by a globally uniform ﬁxed exponen-
tial function. Model parameters are calibrated using modern global annual mean observations. The modern
conﬁguration is capable of reproducing the large-scale distribution of nutrients (Ridgwell et al., 2007), carbon-
ate chemistry (Holden et al., 2013), and projected anthropogenic CO2 inventories consistent with data and
model-based reconstructions (Cao et al., 2009).
2.2. Size-Structured Ecological Model: EcoGEnIE
The standard biogeochemical model in cGENIE has an implicit representation of the formation of organic
matter byplankton, that is, nutrients are converteddirectly toorganicmatter basedonnutrient and light avail-
ability. Here this is replaced with a newly developed ecological model, “EcoGEnIE”, that explicitly resolves the
plankton community (Ward et al., 2018; Figure 1). Organic matter production is similarly limited by nutrient
availability and light, butnowasanexplicit planktonbiomasspool that is subject toprocesses suchas resource
competition and grazing by zooplankton before being passed to DOC and POC. We brieﬂy describe the rele-
vant componentsof EcoGEnIEhere and refer readers toWardet al. (2018) for furtherdetails on its development
within cGENIE and to Ward et al. (2012) for details on the initial development of the size-structured model.
EcoGEnIE resolves a number of plankton populations, deﬁned by functional group (phytoplankton and zoo-
plankton) andorganism size (equivalent spherical diameter). Eachpopulation is associatedwith biomass state
variables for carbon, phosphorus, and chlorophyll (Figure 1). The uptake of nutrients by phytoplankton is
governed by a Michaelis-Menten-like function (e.g., Franks, 2002), where maximum uptake rate and nutrient
aﬃnity are dependent on the size of the plankton (Figure 1). Smaller phytoplankton have a higher nutrient
aﬃnity than larger cells. Carbon is assimilated during photosynthesis using similar size relationships but with
a reduction in photosynthetic rates for the smallest cell sizes implicitly reﬂecting that the demand for nitro-
gen is high relative to uptake together with a lower eﬃciency of converting nitrogen into biomass (Marañón
et al., 2012; Figure 1). Phytoplankton growth is also subject to an Arrhenius-like dependence on temperature.
Zooplankton grazing is dependent on the concentration of available prey biomass, with a size-dependent
maximum grazing rate. The availability of prey biomass is determined as a log-normal function of
zooplankton-to-phytoplankton size ratios, with zooplankton predominantly grazing on prey that are 10 times
smaller than themselves (in terms of equivalent spherical diameter) because these are less likely to escape and
are easier to ingest (Kiørbe, 2008; Figure 1). The production of organic matter is a function of the mortality of
all plankton (linearly related to biomass) and the ineﬃcient assimilation of biomass by zooplankton grazing
(at least 30% is lost to organic matter asmessy feeding and increases as internal quotas of nutrients increase).
The export of organic matter as dissolved or particulate forms is also size dependent with the fraction of
DOC produced decreasing from 80% to 40% from the smallest to largest cell sizes (e.g., Roshan & DeVries,
2017). Planktonmortality is reduced at very lowbiomasses such that plankton cannot becomeextinct (“every-
thing is everywhere”). The model is initialized with homogeneous biomass with size-structured communities
emerging as a function of the underlying allometric relationships (Ward et al., 2018; Figure 1).
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Figure 1. Schematic representation of the size-structured ecological model, “EcoGEnIE” (Ward et al., 2018), showing the
key allometric relationships for (1) nutrient aﬃnity and carbon uptake rate, (2) the size of the cell quota for carbon, and
(3) zooplankton grazing. The prey palatability panel demonstrates the size preference of prey for an example grazer in
black with preferences of zooplankton of other sizes shown in gray. Key ﬁxed parameters are shown where appropriate.
2.3. Experiments
We run the model with late Paleocene early Eocene boundary conditions from Ridgwell and Schmidt (2010),
which speciﬁcally includes a late Paleocene early Eocene paleogeography (see Figure 2b); atmospheric CO2
concentrationof 834ppm(3×preindustrial CO2 of 278ppm); 0.46%reduced solar constant; seasonally varying
wind ﬁelds and a globally uniform CaCO3:POC export ratio of 0.2. The inventory of PO4 is set to the modern
inventory. The ecological model has eight phytoplankton and eight zooplankton of sizes 0.6, 1.9, 6.0, 19.0,
60.0, 190.0, 600.0, and 1,900.0 μm (e.g., two picoplankton, two nanoplankton, two microplankton, and two
mesoplankton size classes per functional group). The parameters for the ecological model are those set in
Ward et al. (2018). The model is run without deep-sea sediments.
We perform a series of experiments to explore themodel prediction of plankton communities in the Eocene:
1. Modern—the model is run with preindustrial boundary conditions. The model setup is that of Ward et al.
(2018) except there is no iron limitation to allow direct comparison with the Eocene runs.
2. Early Eocene paleogeography—themodel is runwith late Paleocene early Eocene boundary conditions but
with a preindsutrial atmospheric CO2 concentration of 278 ppm.
3. Early Eocene CO2 and climate—as experiment 2 but with an atmospheric CO2 concentration of 834 ppm.
4. Temperature eﬀects on circulation and ecology—thedirect eﬀects ofwarmer temperatures on ecology and
those from a changing ocean circulation are separated out. For eﬀects on circulation only, experiment 3 is
repeated but with the ecosystem model forced with sea surface temperatures (SSTs) from experiment 2.
For eﬀects on ecology only, experiment 2 is repeated but with the ecosystem model forced with SSTs from
experiment 3.
All model experiments are spun-up to steady state for 10,000 years from initial conditions. Experiments 2, 3,
and 4 are also repeated with modern boundary conditions for comparison and are shown in the supporting
information. To illustrate the emergent structure of the model plankton community in an equilibrated ocean
environment, we choose a set of model outputs that are speciﬁcally relevant to quantities in the fossil and
proxy records: mean size (deﬁned as the biomass-weighted geometric mean) of phytoplankton communities
(e.g., Finkel et al., 2007), total carbon biomass, and productivity (e.g., Ma et al., 2014). For productivity we show
the export production of POC, rather than primary productivity, because it has a key link to nutrient cycling
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Figure 2. Key environmental parameters for the Eocene and Modern experiments. Parameters shown are the depth of the water column (m; top panels (a) and
(b)), sea surface temperatures (∘C; middle panels (c) and (d)), and global overturning circulation (Sv; bottom panels (e) and (f )). Overlain on panels (c) and (d) are
the patterns of surface ocean circulation. Black circles in panels (c) and (d) indicate areas of deep-water formation.
andbiogeochemistry in the ocean interior.Wenote that thesemodel outputs are not necessarily directly com-
parable due to the incompleteness of the fossil record and uncertainty surrounding paleoproductivity proxies
(Averyt & Paytan, 2004). As such, we focus on broad-scale changes only, that is, basin-scale and latitudinal
diﬀerences. The challenges of integrating model outputs and data are discussed in section 4.1.
3. Results
Themodern run shows features that are consistent withmodern observations and othermodeling studies. At
steady state, smaller phytoplankton with higher nutrient aﬃnities are able to outcompete larger cell sizes for
limiting nutrients. Plankton communities in regions such as the subtropical gyres, where nutrient ﬂuxes are
low, are dominated by small phytoplankton (<2 μm) and associated with low total phytoplankton biomass
and export production (Figure 3a). With increasing nutrient ﬂuxes, an increase in the biomass of smaller phy-
toplankton is limited by zooplankton grazing such that larger size classes become competitive (Ward et al.,
2014). Regions with high nutrient ﬂuxes, such as upwelling zones and subpolar regions, are therefore char-
acterized by the coexistence of size classes, shown here as larger mean sizes (Figure 3a) and higher diversity
(Figure S1). These regions are also characterized by higher biomass and export production due to the higher
nutrient ﬂuxes. In summary, the total biomass of phytoplankton is controlled by nutrient supply (“bottom-up
control”) and the biomass of individual size classes and coexistence of size classes is a function of zooplank-
ton grazing (“top-down control”; Ward et al., 2014). Note the preindustrial results here are run without iron
limitation but show consistent broad-scale features when run with iron limitation (Figure S4).
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Figure 3. Model predictions of plankton communities for the Eocene paleogeography compared with Modern experiment. From top to bottom, panels (a) and
(b) show the biomass-weighted geometric mean size of the phytoplankton community (μm), panels (c) and (d) show the total biomass of phytoplankton (mmol C
m−3), and panels (e) and (f ) show the export production of particulate organic carbon (mol m−2 year−1).
3.1. Role of Eocene Paleogeography
The late Paleocene early Eocene paleogeography diﬀers considerably from the modern conﬁguration with a
smaller North Atlantic basin, open circum-tropical seaways, a shallow Tethys Ocean basin, and a constricted
Southern Ocean (Figure 2b). The Eocene boundary conditions are also associated with an atmospheric CO2
concentration of 834 ppm and SSTs that are globally 4 ∘C higher, with the greatest warming in the high
latitudes, compared to the modern run (Figure 2d). The Eocene conﬁguration has a more vigorous ocean
circulation with increased global overturning at steady state (minimum of −57 Sv and maximum of 45 Sv)
than the modern conﬁguration (minimum of −37 Sv and maximum of 39 Sv; Figure 2f ). We ﬁrst separate the
eﬀects of Eocene paleogeography and a warmer climate by running the Eocene run with preindustrial CO2
concentrations of 278 ppm. The global overturning circulation for the Eocene paleogeography is relatively
similar (minimum of−51 Sv andmaximum of 46 Sv) to the full Eocene run but with SSTs that are closer to the
preindustrial run (not shown).
Themodeled plankton communities for the early Eocene paleogeography diﬀer predominantly in the South-
ern high latitudes (Figures 3 and 4) where the region of larger mean cell size occurs over a broader range
of latitudes than in the predindustrial run (Figure 4a). Maximum zonal average mean size of communities
increases by 5 μm with larger increases locally (Figure 4a). This size increase is also associated with concur-
rent increases in biomass and export production (Figures 3d and 3f). In contrast, the open ocean low-latitude
communities, excluding the Tethys, are similar to the modern communities except for slightly lower biomass
and productivity in the subtropical gyres (Figures 3 and 4). The Tethys Ocean has a unique geometry with a
shallow and relatively enclosed basin (Figure 2b). Along with the southern Atlantic, the model predicts that
these regions are more similar to the modern Arabian Sea and upwelling regions of the southern Atlantic
than regions at similar latitudes. In particular, the southern Atlantic lacks a distinct open ocean gyre (Figure 3).
Overall, latitudinal patterns of size diversity are similar between the modern and Eocene paleogeography
(Figure S1).
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Figure 4. Zonal averages of (a) biomass-weighted geometric mean size of phytoplankton (μm), (b) total phytoplankton
biomass (mmol C m−3), and (c) export production of particulate organic carbon (mol m−2 year−1). The full-black line
shows the results from the full Eocene experiment, and the black dashed line shows the Eocene paleogeography
experiment. The gray line shows the results from the Modern experiment.
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Figure 5. Model predictions of plankton communities for the full Eocene experiment compared with the paleogeography only experiment. Panel (a) shows the
biomass-weighted geometric mean size of the phytoplankton community (μm), panel (c) shows the total biomass of phytoplankton (mmol C m−3), and panel (e)
shows the export production of particulate organic carbon (mol m−2 year−1). Panels (b), (d), and (f ) show the diﬀerences between panels (a), (c), and (e) and the
modern run.
The increase in mean cell size, biomass, and POC export in the Southern high latitudes is driven by increased
nutrient ﬂuxes associated with a more vigorous ocean circulation as shown by the stronger overturning cir-
culation compared with modern (Figures 2e and 2f). A higher nutrient ﬂux delivered to the surface ocean is
able to support the coexistence of larger plankton size classes, thereby increasing the mean size of plank-
ton communities. Additionally, the largest plankton cell sizes are located in regions of deep-water formation
where vertical mixing and nutrient ﬂuxes are strongest (Figures 3b and 2d). In comparison, the relatively
restricted and shallow Tethys basin is likely to be associatedwith the relatively intense local nutrient recycling,
supporting the larger plankton cell sizes in this region.
3.2. Role of Eocene CO2 and Climate
To explore the eﬀect of CO2 and climate we run the model with the full Eocene conﬁguration of paleogeog-
raphy and an atmospheric CO2 concentration of 834 ppm (Figure 5). The warmer climate acts to accentuate
the features observedwith the Eocene paleogeography. The high latitudes (>35∘N and 40∘S), particularly the
Southern Ocean, experience an increase in mean cell sizes by up to 10 μm (associated with the coexistence
of larger phytoplankton size classes alongside the pre-existing size structure; Figure 4a). These regions are
also associated with increasing POC export. Low latitudes (<20∘ from the equator) are relatively unchanged
(Figures 5 and 4). A feature that is nonintuitive is a global decrease in plankton biomass with increasingly
warm climates (Figure 5d).
These features described above result in part from the ecological model in response to a warmer climate, for
example, temperature-dependent growth and grazing rates, but also from physical changes such as the sup-
ply of nutrients to the surface ocean driven by a changing ocean circulation. To isolate the changes driven
by a changing ocean circulation the full Eocene run was repeated but with the ecological model forced with
SSTs from the paleogeography run, that is, the plankton communities experience SSTs associated with an
atmospheric CO2 concentration of 278ppm.Diﬀerences between the SST-forced experiments and the Eocene
paleogeography experiment show that physical changes only drive signiﬁcant changes in the plankton com-
munities of the Tethys Ocean (Figures 6a, 6c, and 6e). The strength of the ocean circulation in cGENIE has a
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Figure 6. Eﬀects of temperature changes on plankton ecosystems separated by eﬀects on ocean circulation (left panels) and eﬀects directly on plankton
physiology (right panels). Panels (a), (c), and (e) correspond to an atmospheric CO2 concentration of 834 ppm but with plankton communities separately forced
with SSTs from the paleogeography experiment at 278 ppm. Panels (b), (d), and (f ) correspond to an atmospheric CO2 concentration of 278 ppm but with
plankton communities separately forced with SSTs from the paleogeography experiment at 834 ppm. All panels show the diﬀerence between the SST-forced
experiment and the paleogeography experiment.
relatively low sensitivity to increasing atmospheric CO2 (e.g., Monteiro et al., 2012) as demonstrated by the
small change in global overturning between the full Eocene experiment and the paleogeography experiment
(ranges of −57 to 45 and −51 to 46 Sv, respectively).
To isolate the physiological eﬀect of warmer temperatures on plankton communities, the Eocene paleo-
geography experiment is repeated but with plankton communities separately forced with SSTs from the full
Eocene experiment, that is, plankton communities experience SSTs associated with 834 ppm but nutrient
ﬂuxes associated with 278 ppm. The SST forced experiment is compared with the paleogeography experi-
ment (Figures 6b, 6d, and 6f). With the exception of the Tethys, themajority of global changes associatedwith
plankton communities and a warmer climate are driven by temperature-dependent processes in the ecolog-
ical model. In EcoGEnIE, both the uptake of nutrients and the grazing rate of zooplankton are temperature
dependent. Despite increasing rates of nutrient and carbonuptakebyphytoplankton, there is a drop inphyto-
plankton biomass globally (Figure 6d) as phytoplankton biomass is increasingly assimilated into zooplankton
biomass. As the assimilation of phytoplankton biomass by zooplankton is ineﬃcient (sloppy/messy feeding
has a maximum eﬃciency of 70%; Ward et al., 2018), the increase in zooplankton grazing is associated with
an increase in POC export in these regions (Figure 6f ). Because zooplankton grazing is a top-down control on
the biomass in each size class (Ward et al., 2014), the increased grazing pressure leads tomore nutrients being
available for larger phytoplankton. This increases the mean cell size of communities, primarily in the high
latitudes where nutrient ﬂuxes are higher. In low-nutrient regimes, however, phytoplankton already utilizes
upwelled nutrients eﬃciently such that larger cell sizes cannot be supported.
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4. Discussion
We have presented a set of results from a new size-structured ecosystem model that is coupled with an
Earth system model and applied to early Eocene boundary conditions. Applying this model to the warm
greenhouse climate of the early Eocene is a ﬁrst step in using plankton models to understand drivers of past
changes in plankton communities and the implications for biogeochemistry. In the model a change to early
Eocene boundary conditions, including paleogeography and albedo, results in changes in ocean circulation
that increases the delivery of nutrients to the surface ocean (bottom-up control). Additionally, we see a direct
eﬀect of warmer SSTs, associated with higher atmospheric CO2, driving changes in plankton communities
directly via the temperature dependence of zooplankton grazing (top-down control). At a global level, the
increase inmean cell size is broadly consistent with trends in fossil record observations ofmean cell size in the
early Cenozoic (Finkel et al., 2007). These trends also occur primarily in the high latitudes, with comparatively
little change in the low-latitude oceans, which the fossil record is not able to resolve. Our intention here is not
to resolve the potential drivers behind the trend inmean cell size across the Cenozoic. Instead, we discuss the
processes in our model that create these features as a precursor to future studies.
Our results highlight that one key requirement for modeling past ecosystems is the ﬁdelity of the predicted
ocean circulation, as this is a key constraint on nutrient ﬂuxes to the surface ocean. Ourmodel predicts higher
overturning increases the rate of nutrient cycling globally, consistent with an interpretation that reduced ver-
tical stratiﬁcation through the Cenozoic has driven the long-term decrease in mean cell sizes (Finkel et al.,
2007; Schmidt et al., 2004). Despite the coarse resolution and parameterized physics of cGENIE, the model
has agreement with a late Paleocene composite of benthic forminiferal 𝛿13C, suggesting a reasonable simula-
tion of deep-water formation locations and large-scale circulation patterns (Kirtland Turner & Ridgwell, 2013).
Additionally, the vertical temperature proﬁles are similar to those in higher-resolution ocean models of the
Eocene (e.g., John et al., 2014). The meridional overturning structure in cGENIE (Figure 2f ) is also similar in
structure to higher-resolution models (Lunt et al., 2010; Heinze & Ilyina, 2015) although is notably stronger,
potentially leading to an overestimation of surface nutrient ﬂuxes.
Fluxes of nutrients to the surface ocean are additionally sensitive to the recycling of particulate organic mat-
ter in thewater column. Changes in the depth of remineralization, driven by changes in either sinking velocity
and/or remineralization rates, can alter the distribution of nutrients in the ocean (Kwon et al., 2009). For exam-
ple, warmer temperatures during the early Cenozoicmay have increased the rate ofmicrobial activity, leading
tomore rapid nutrient cycling higher up in the water column (Boscolo-Galazzo et al., 2018). Other potentially
signiﬁcant mechanisms include size-dependent sinking velocities, ballasting of organic matter by minerals,
aggregation dynamics, fast sinking zooplankton pellets, and fragmentation of sinking particles by zooplank-
ton (e.g., Hülse et al., 2017). The signiﬁcance of thesemechanisms in themodern ocean is still highly uncertain,
but many are related to plankton community structure (e.g., Cram et al., 2018; Guidi et al., 2016).
Our results demonstrate the importance of trophic interactions in driving global changes in cell size and
ecosystem characteristics due to the temperature dependence of zooplankton grazing. These results are
largely consistent with a number of mesocosm and model experiments that predict a loss of phytoplankton
biomass with increased grazing pressure under warmer temperatures and an associated shift in food web
structure (Chen et al., 2012; O’Connor et al., 2009; Olonscheck et al., 2013). An increase in mean cell size is
also consistent with outputs from an ecosystem model that explored the response of plankton communi-
ties to anthropogenic climate change in the 21st century (Lefort et al., 2015). Heterotrophy is expected to
be up to 2 times more sensitive to temperature changes than photosynthesis (Boscolo-Galazzo et al., 2018),
whereas these are treated uniformly in EcoGEnIE. As such, the eﬀect of increasedgrazingpressure here is likely
an underestimate.
There are factors not considered in this study that may also contribute to changes in ecosystem compo-
sition in the early Cenozoic: the global inventory of phosphate and ﬂuxes of iron. The global inventory of
phosphate in these experiments is maintained at the modern inventory as changes in the phosphate are
currently not well constrained (Föllmi, 1995). However, an increase in phosphate globally would lead to rela-
tively greater nutrient availability and an increase in cell sizes, biomass, and POC export. Note the phosphate
inventory in these experiments is ﬁxed by assuming all organic phosphorus reaching the seaﬂoor is rem-
ineralized and so does not include any feedbacks from changes in organic carbon burial and weathering.
Second, our experiments omit an iron cycle as the magnitude and source of iron ﬂuxes is likely to have been
diﬀerent in the early Cenozoic (Horner et al., 2015). Running our modern experiments with an iron cycle
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(e.g., Ward et al., 2018) results in decreases in mean cell size, biomass, and POC export in the high latitudes
that are of similar magnitude to changes observed in our experiments (Figure S4). This is very dependent on
the spatial pattern of atmospheric deposition, which is likely to varywith changing climatic conditions, aswell
as atmospheric deposition being the most important source of iron (e.g., Horner et al., 2015).
4.1. Linking the Fossil Record, Marine Ecosystems, and Climate
A challenge for integrating model results with fossil records is the incomplete nature of the fossil record. Our
model represents ecosystems as awhole, whereas large parts of these plankton ecosystems are not preserved
in the fossil record, for example, cyanobacteria, large eukaryotes, and other zooplanktongroups such as cope-
pods. The key advantage of using a size-based ecosystem model is that cell size is a quantiﬁable metric in
the fossil record. Cell size in our model can potentially correspond with fossil groups, for example, calcifying
nannoplankton broadly corresponds with the modeled nanoplankton groups (2–20 μm). Approaches that
look at the composition of assemblages may help bridge this gap by moving toward the community-level
representation of ecosystem models. For example, Gibbs et al. (2018) derive frequency distributions for the
cell size and biomass of nannoplankton communities across the Paleo-Eocene Thermal Maximum. Relating
these to indicators of nutrient availability could help distinguish between bottom-up and top-down controls.
A trait-based modeling approach aimed at past climates can be speciﬁcally expanded and tested for those
groups that leave a fossil record. Our ecological model does not include a representation of the functional
types of plankton often considered in biogeochemical modeling such as calciﬁers and silicifers (e.g., Le Quéré
et al., 2005). This currently limits the applicationof themodel to informquestions about feedbacks over longer
timescales, such the role of changes in the CaCO3 ﬂux driving changes in ocean sediment composition (e.g.,
Hannisdal et al., 2012; Hull, 2015). There is still lots of uncertainty about the sensitivity of calciﬁers to processes
such as ocean acidiﬁcation (e.g., Pörtner et al., 2014) making the representation of these plankton, and in
particular of calciﬁcation, in models potentially diﬃcult. Currently, the production of CaCO3 in both EcoGEnIE
and cGENIE ismodeledwith a rain-ratio approach, commonly usedby Earth systemmodels (Hülse et al., 2017).
Some progress on representing coccolithophores and the traits and trade-oﬀs in trait-basedmodels has been
made (Monteiro et al., 2016). Integrating these into EcoGEnIE would facilitate the evaluation of longer-term
feedbacks. Diﬀerent strategies of plankton, such as mixotrophy, may also be relevant when considering the
response of plankton to environmental change. For example, a representation of mixotroph dinoﬂagellates
maybe relevant tomodeling the PETM,which is characterizedby the large increase in the dinoﬂagellate taxon
Apectodinium (Sluijs et al., 2007). Mixotrophy has also been applied in trait-based models (Ward & Follows,
2016), which have been used to help explain the radiation of major plankton groups (Knoll & Follows, 2016).
5. Conclusions
Trait-based models of plankton ecosystems, being based on underlying ecological and physiological rules,
oﬀer the opportunity to explore the interactions between plankton ecosystems, biogeochemistry, and cli-
mate in an Earth system dramatically diﬀerent from today’s. Here we use a new Earth system model that
accounts for a size-structured trait-based plankton communities to predict the state of the plankton ecosys-
tems of the warm Eocene climate as a ﬁrst step in applying this type of model to past climates. We ﬁnd that
marine ecosystems of the warm early Eocene are characterized by larger plankton on average and higher
export production than in the modern ocean, with these trends focused in the high latitudes and the Tethys
Ocean. These features are primarily associated with the Eocene paleography, which aﬀects the ocean circula-
tionalongwithwarmer temperaturedriving changes in trophic interactions.Our results arebroadly consistent
with available recordsof planktongroups, but furtherwork is needed togenerate informationabout the latitu-
dinal variations and to understand the relationship between fossil plankton groups and the wider ecosystem
represented by the model.
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